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Abstract

:

Calcium phosphate is attracting attention as a bone repair material and a controlled-release carrier of various drugs such as bone disease therapeutic agents and anticancer agents. Compared with some bioabsorbable polymers, calcium phosphates have the advantage of preventing a pH decrease in the surrounding body fluid. However, there are few studies comparing the effect of supporting substances with different physicochemical properties on the production of calcium phosphate microspheres with different crystalline phases. In this study, we investigated conditions for obtaining low crystallinity apatite and octacalcium phosphate (OCP) microspheres from calcium carbonate microspheres with different crystalline structures using a simple phosphoric acid treatment. Furthermore, we investigated the adsorption and release behavior of different dyes and proteins from the apatite and OCP microspheres. Overall, the factors governing the adsorption and release behavior are different depending on the molecular size and surface charge of the dye and protein adsorbates.
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1. Introduction


Calcium phosphate is attracting attention as a bone repair material and a controlled-release carrier for various drugs such as bone disease therapeutic agents and anticancer agents [1,2]. Carriers must pass through capillaries; as a result, the carrier is preferably smaller than the typical 5-µm diameter of capillaries [3]. In addition, a sphere is a desirable shape to prevent damage to blood vessels. Extensive studies have been conducted on bioabsorbable poly-lactic-co-glycolic acid microspheres for controlled drug release; however, inflammation by their acidic degradation products is a concern [4,5]. To address these concerns, calcium phosphate has been added to suppress the pH decrease during degradation [6], and the degradation rate of calcium phosphate microspheres has been controlled by additives such as Sr2+ [7]. Various studies using composite microspheres as scaffolds for vascular regeneration in ischemic diseases have been reported [8].



Microspheres of various calcium phosphates, such as apatite [9], tricalcium phosphate (TCP) [10], octacalcium phosphate (OCP) [11], and biphasic calcium phosphate [12,13], have been fabricated, and the crystalline phase of calcium phosphate has been controlled by changing the heating temperature [14,15]. The drug and protein release profile have been investigated for some of these studies; however, few adsorbates have been used. There are few comparative studies using a range of supporting substances, from compounds with low molecular weight to proteins, to fabricate calcium phosphate microspheres with different crystalline phases.



In this study, we investigated the conditions for obtaining microspheres consisting of low crystallinity apatite and OCP from calcium carbonate microspheres with different crystalline structures using a simple phosphoric acid treatment. A high drug incorporation is expected because the plate-like morphology of OCP has a high specific surface area and a specific layered structure [16,17]. Vaterite-type calcium carbonate microspheres with suitable size for drug delivery are commercially available, and they can be easily converted into calcite by a simple heat treatment. We assumed that different calcium phosphates can be obtained in an aqueous process using vaterite and calcite because the precursors have different solubility products and reactivity [18]. Furthermore, the adsorption and release behaviors of dyes with different charges were investigated as models for drugs and proteins with different isoelectric points, and the interaction mechanism between the microspheres and adsorbates was defined.




2. Materials and Methods


2.1. Materials


Vaterite-type CaCO3 microspheres (SCS-M5, 5-µm particle size, Sakai Chemical Industry Co., Ltd., Sakai, Japan) were used as a starting material. NaCl and H3PO4 were purchased from Nacalai Tesque Inc., Kyoto, Japan and XL-Bradford reagent was purchased from Intégrale Co., Ltd., Tokyo, Japan. Methylene blue, eosin Y, albumin derived from egg, γ-globulin derived from human blood plasma, and lysozyme derived from egg white were purchased from FUJIFILM Wako Pure Chemical Industries Co., Osaka, Japan.




2.2. H3PO4 Treatment of CaCO3 Microspheres


The methods for the preparation of apatite and OCP by H3PO4 treatment of CaCO3 were previously reported [19,20]. To convert vaterite to calcite, an alumina crucible containing the microspheres was placed in an electric furnace (300-Plus, DENKEN-HIGHDENTAL Co., Ltd., Kyoto, Japan) maintained at 460 °C and heated for 30 min. The microspheres were then cooled in air. Preliminary thermal analysis demonstrated that the phase transition from vaterite to calcite occurred between 420 °C and 460 °C. The heating temperature was set to 460 °C to ensure complete transition. Vaterite microspheres (1.33 g) were added to a 0.1 M H3PO4 solution heated to 60 °C. The solution was adjusted to pH 6 with 1 M aqueous solutions of HNO3 and NaOH. The mixture was stirred for 1 h using a homogenizer (Homogenizing Mixer MARK II Model 2.5, PRIMIX Co., Hyogo, Japan). Alternatively, calcite microspheres (1.33 g) obtained by heat treatment of the vaterite were added to a 0.1 M H3PO4 solution heated to 60 °C, and methylene blue was added to achieve 3.2 × 10−3 M. The pH of the solution was adjusted to pH 4–7 with 1 M HNO3 and NaOH (aqueous) using a pH controller (NPH-680D, Nisshin Rika Co., Ltd., Tokyo, Japan). After stirring, the samples were filtered and washed with ultrapure water, then dried in a 60 °C oven (NDO-700, EYELA, Tokyo, Japan).




2.3. Dye Adsorption and Release


First, 0.1 g of apatite and OCP microspheres were immersed in 10 mL of 5.0 × 10−5 to 6.4 × 10−3 M aqueous methylene blue solution and 5.0 × 10−4 to 1.0 × 10−1 M aqueous eosin Y solution. The mixture was stored for 4 h. The absorbance in the supernatant was measured using an ultraviolet-visible spectrophotometer (UV-Vis: V-603, JASCO Co., Tokyo, Japan) to determine the saturated adsorption concentration. The measurement wavelength was 664 and 517 nm for methylene blue and eosin Y, respectively. Microspheres (0.01 g), after immersion in dye solutions with saturated adsorption concentrations (3.2 × 10−3 M for methylene blue and 5.0 × 10−2 M for eosin Y), were transferred to 10 mL of physiological saline heated to 38 °C. The absorbance of the supernatant was then measured at different times within 24 h using a UV-Vis spectrophotometer to investigate the release behavior.




2.4. Protein Adsorption and Release


Apatite and OCP microspheres with a total surface area of 3 m2 were immersed in 10 mL of an albumin, γ-globulin, and lysozyme solution (each protein concentration was 0 to 1.0 g/L), and the solution was stored at 38 °C for 4 h. Then, 70 μL of the supernatant and standard solutions were transferred to polystyrene cells, 3.5 mL of the XL-Bradford reagent (diluted five times with ultrapure water) was added to each cell, and the solution was stored at room temperature for 5 min. The absorbance at 595 nm was then measured using the UV-Vis spectrophotometer to calculate the amount of adsorption.



Apatite and OCP microspheres with a total surface area of 0.3 m2 were immersed in a solution containing 1.0 g/L albumin, 0.6 g/L γ-globulin, and 1.0 g/L lysozyme for 4 h. The microspheres were then immersed in 10 mL of physiological saline and stored at 38 °C. The released protein concentration was measured at different times within 24 h by the method described above.




2.5. Structural Analysis


The surface morphology of the samples was observed with a scanning electron microscope (SEM: S-3500N, Hitachi, Ltd., Tokyo, Japan). The samples were coated with an Au–Pd alloy using an ion sputtering device (E-101, Hitachi, Ltd., Tokyo, Japan). Powder X-ray diffraction (XRD: M03XHF22, Mac Science Co., Ltd., Yokohama, Japan) was performed with a CuKα X-ray as a source, and the crystalline structure of the samples was identified by referring to the Joint Committee on Powder Diffraction Standards (JCPDS) data file. The voltage and current applied to the X-ray tube were 40 kV and 30 mA, respectively. The step-scanning mode with a step width of 0.02° and counting time of 2 s were used.



The adsorption isotherm of the samples was measured using an automatic specific surface area/pore distribution measuring device (BELSORP-mini II, Nippon Bell Co., Ltd., Osaka, Japan). As a pre-treatment, the microspheres were evacuated at room temperature for 6 h. The measurement was performed with an equilibrium time of 180 s, and N2 gas was adsorbed at −196 °C. The specific surface area was calculated using the Brunauer–Emmett–Teller (BET) theory. The pore distribution was determined from the desorption isotherm by the Barrett–Joyner–Halenda (BJH) method.



The surface zeta potentials of the samples were measured in a 10-mM NaCl aqueous solution with a zeta potential analyzer (ELS-Z, Otsuka Electronics Co., Ltd., Osaka, Japan). A quartz cell was used for the measurement.





3. Results


The crystalline phase after heat treatment of the vaterite microspheres was identified as a single phase of calcite by XRD. Figure 1 shows the XRD pattern and SEM photograph of the microspheres obtained by H3PO4 treatment of the vaterite microspheres. Spherical particles with a diameter of 5 to 10 µm were obtained. The crystalline phase was identified as low crystallinity apatite. Figure 2 shows the XRD patterns and SEM photographs of the microspheres obtained by H3PO4 treatment of the calcite microspheres at various pH values. The crystalline phase was CaHPO4·H2O with a small amount of OCP at pH 4. OCP with a small amount of apatite was detected at pH 5 to 6. The peak intensity near 4.7° assigned to the (010) diffraction of OCP was the highest at pH 5.5. The crystalline phase was only apatite at pH 7. Hereafter, the apatite microspheres shown in Figure 1 and OCP microspheres obtained at pH 5.5, as shown in Figure 2, were used.



Figure 3 shows the FT-IR spectra of the apatite and OCP microspheres and calcite microspheres. Only peaks assigned to carbonate ions were observed at 700, 900, and 1400 cm−1 for the calcite microspheres. Alternatively, peaks assigned to the P–O bond were observed at 600 and 1000 cm−1 for the apatite and OCP microspheres, respectively; those assigned to carbonate completely disappeared.



Figure 4 shows the adsorption isotherm of the apatite and OCP microspheres. In the case of apatite, the shape of the isotherm was categorized as Type IV according to the International Union of Pure and Applied Chemistry (IUPAC) classification, suggesting the existence of 2 to 50 nm mesopores. Hysteresis was observed at a relative pressure of 0.5 to 1.0, also suggesting the existence of mesopores. The shape of the hysteresis was categorized as a combination of Type H3 and H4 of the IUPAC classification. Type H3 indicates the presence of slit-type pores and aggregates of plate-like particles, and Type H4 indicates the presence of micropores smaller than 2 nm.



In the case of OCP, the shape of the isotherm was categorized as a combination of Type II and Type IV. Type II indicates that there were no pores or only macropores larger than 50 nm. Because the adsorption amount increased at a relative pressure of 0.9 or greater, there is the possibility of the presence of macropores or aggregates of the small particles. Hysteresis was observed at a relative pressure of 0.8 to 1.0, suggesting the existence of mesopores. The hysteresis pattern indicates Type H3. The specific surface area of apatite and OCP was 32.8 and 30.0 m2/g, respectively, according to BET theory.



Figure 5 shows the BJH pore size distribution of the apatite and OCP microspheres. The average diameter of the pores in apatite was 20.0 nm. Distributions showing peaks near diameters of 2.5 and 7 nm were attributed to the mesopores. A broad increase in dVp/ddp was observed below 2 nm, suggesting the existence of micropores. Alternatively, the average diameter of the pores in OCP was 36.2 nm. Distributions showing peaks near 3 and 35 nm in diameter were attributed to the mesopores. In addition, a broad increase in dVp/ddp was observed at 2 nm, similar to apatite. However, the non-spherical particles observed in Figure 1 and Figure 2 may also affect the pore size distribution at the micrometer or submicron level.



Figure 6 shows the appearance of OCP microspheres after immersion in the methylene blue solution and microspheres prepared with the addition of methylene blue. The microspheres prepared with methylene blue showed a darker blue color.



Figure 7 shows the adsorption and release profiles of various dyes and proteins incorporated into the apatite and OCP microspheres by post-treatment. The amount of methylene blue adsorbed to the apatite was greater than absorbed to OCP, and vice versa for eosin Y. In addition, OCP showed a higher release rate than apatite. The release rate of eosin Y in OCP was much greater than that in methylene blue. In the case of protein, the adsorption amount was greater in OCP, and the release rate was greater in apatite. In the case of lysozyme, the difference between the apatite and OCP was relatively small.



The zeta potential of apatite and OCP was −30.9 ± 0.6 and −20.5 ± 1.1 mV, respectively.




4. Discussion


In the synthesis of calcium phosphate microspheres by H3PO4 treatment of CaCO3 microspheres, the crystalline phase of the calcium phosphate depends on the starting material (Figure 1 and Figure 2). Specifically, low crystallinity apatite was formed at pH 6 in vaterite, while OCP was the primary crystalline phase, even at pH 6 in the calcite. Vaterite has greater solubility than calcite [18]. Therefore, an increase in local Ca2+ concentration by rapid dissolution of vaterite results in the formation of apatite with less solubility than OCP. In addition, the stable pH of OCP is 4.7 to 5.8 at 60 °C, and CaHPO4·H2O and apatite are stable at lower and higher pH, respectively [21]. These findings coincide with the results of this study.



Apatite was synthesized from CaCO3 as a starting material; however, the product contained nearly no carbonate ions (Figure 3). Apatite with 2.64 mass% carbonate is typically precipitated from a simulated body fluid with inorganic ion concentrations nearly equal to that of human plasma at pH 7.25 [22]. In a carbonate solution of approximately pH 6 (synthetic condition for apatite), 75% of the carbonate is reported to be present as CO2 and 25% is HCO3− [23]. Furthermore, the equilibrium moves to the right in the chemical reaction of Equation (1) if CO2 gas evaporates. Therefore, the amount of HCO3− decreases and it is not incorporated into the apatite crystals.


   H +  + H C  O 3 −  ⇄  H 2  O + C  O 2  ↑ .  



(1)







Gas formation was actually observed during the reaction of CaCO3 with H3PO4, which is similar to previous studies [20,24].



The amount of methylene blue adsorbed to the apatite was greater than that adsorbed to OCP, while the release rate of methylene blue from OCP was greater than that from apatite (Figure 6). The size of methylene blue and interlayer distance of OCP are 1.70 × 0.76 × 0.33 nm [25] and 1.87 nm [26], respectively. Therefore, the relatively small methylene blue molecules can be preferentially incorporated into the interlayer of OCP. However, the result was the opposite of the expectation. Because the apatite is more negatively charged than OCP, OCP has greater electrostatic interaction with the positively charged methylene blue. Therefore, the electrostatic interaction is a more dominant factor than the pore structure regarding the methylene blue release when it is incorporated into OCP by post treatment.



Monma showed that if OCP was synthesized in the presence of various negatively charged dicarboxylic acids, the acids were incorporated into the interlayer of OCP and the distance increased to approximately 2.6 nm depending on the molecular size of the acid [27]. In the present study, a large amount of methylene blue was incorporated during OCP synthesis (Figure 6), which was expected to promote the release of methylene blue.



Alternatively, OCP adsorbed more eosin Y than apatite, while its release rate was also greater than methylene blue (Figure 7). Considering the electrostatic interaction, it is difficult for negatively charged eosin Y to adsorb to both apatite and OCP. Although the molecular size of the eosin Y has not been reported, methylene blue (Mw = 319.9) has a chemical structure with three benzene rings, while eosin Y (Mw = 691.9) has a fourth benzene ring in the side chain, indicating a larger molecular size than methylene blue. Therefore, eosin Y is likely adsorbed on the mesopores of OCP (Figure 4 and Figure 5). As a result, the release of eosin Y is enhanced because of its weak electrostatic interaction with OCP.



OCP showed greater adsorption of all proteins than apatite (Figure 7). The long side of albumin, γ-globulin, and lysozyme are 14 nm [28], 10–20 nm [29], and 9 nm [30], respectively. Because these proteins are difficult to incorporate into the interlayer of OCP, the mesopores in OCP markedly contributed to the adsorption (Figure 4 and Figure 5). The difference in lysozyme adsorption between apatite and OCP was less than that of albumin and γ-globulin. The isoelectric points of albumin, γ-globulin, and lysozyme are 4.8 [31], 5.2 to 9.2 [32], and 11 [33], respectively; as a result, lysozyme is highly positively charged in neutral conditions. Therefore, the electrostatic interactions between the amino group on the lysozyme and the phosphate group on the microsphere surface are strong in both the apatite and OCP.



Alternatively, the release rate of all proteins from apatite was greater than from OCP (Figure 7). Apatite can easily release proteins because it contains no mesopores larger than the protein molecules. Kanno et al. investigated the release behavior of albumin and lysozyme from carbonate apatite particles [34]. In their study, the carbonate content was 1.1 mass% and the release rate of lysozyme was greater than that of albumin, which is consistent with the results of this study. However, the release rate was 60% or greater for the Kanno et al. study, which is considerably greater than our study, likely because of the high specific surface area (75 m2/g) and use of a dynamic fluid system for the protein release.



Suzuki et al. reported that OCP has better albumin adsorption capacity than apatite obtained by hydrolysis of OCP [35], which is consistent with this study. The results of Suzuki et al. also suggest that the adsorption characteristics gradually change in the biological environment. However, there are no studies comparing the hydrolysis rate of OCP in the presence of proteins. Alternatively, the hydrolysis rate of α-TCP to OCP decreases in the presence of polyacrylic acid [36]. Therefore, the adsorbed protein might stabilize the OCP phase in the biological environment. This point should be clarified in future studies.



All of the calcium phosphates used in this study were negatively charged. Although protein adsorption on negatively charged apatite and positively charged alumina was previously compared in aqueous solutions containing bovine serum [37], there is no comparative study concerning the protein adsorption on calcium phosphates that are positively and negatively charged. Aizawa et al. found that some of the c-axis oriented fibrous apatite is positively charged [38], suggesting the potential to study protein adsorption on positively and negatively charged calcium phosphates.



The protein release rate from the microspheres in this study was less than 6% for all conditions, suggesting chemical adsorption of the proteins (Figure 7). Particle size has a great influence on the protein release behavior from apatite. Wen et al. fabricated a thin film comprising apatite and OCP with a thickness of 0.3 µm and length of 5 µm on titanium substrates [39]. The albumin adsorbed on the film had limited release at pH 7.4; however, 30% or more was released at pH 4.0. The release rate of cytochrome c from rod-shaped apatite with a length of 200 nm to 2 µm was also 20% or less [40]. Alternatively, the release rate of albumin from the rod-shaped apatite with a length of 40 to 100 nm was 90% or more, even at pH 7.2 [41]. Furthermore, the protein release behavior from polymer fibers is controlled by hydrophilicity [42]. Future works should investigate the important factors of particle size and surface wettability to promote protein release.




5. Conclusions


Apatite microspheres were prepared by H3PO4 treatment of vaterite at pH 6, and OCP microspheres were prepared by H3PO4 treatment of calcite at pH 5 to 6. A comparison of the adsorption and release of various dyes and proteins from the microspheres suggested that electrostatic interactions were dominant for methylene blue and the pore structure was dominant for eosin Y and proteins. These results are expected to provide a guideline for obtaining sustained drug release properties from calcium phosphate microspheres.
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Figure 1. X-ray diffraction pattern and scanning electron microscope photograph of the microspheres obtained by H3PO4 treatment of the vaterite microspheres. 
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Figure 2. X-ray diffraction patterns and scanning electron microscope photographs of the microspheres obtained by H3PO4 treatment of the calcite microspheres at various pH values. 
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Figure 3. FT-IR spectra of the OCP, apatite, and calcite microspheres. 
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Figure 4. Adsorption isotherm of the apatite and OCP microspheres. 
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Figure 5. BJH pore size distribution of apatite and OCP microspheres. 
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Figure 6. Appearance of OCP microspheres after immersion in the methylene blue solution (Left) and microspheres prepared with the addition of methylene blue (Right). 
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Figure 7. Adsorption and release profiles of various dyes and proteins incorporated into apatite and OCP microspheres by post treatment. The release rate of eosin Y from the apatite was not measured because the adsorbed amount was too small. 
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